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論文内容の要旨
The understanding about the evolution of molecular systems that control phenotypic 
expression is generally limited , in contrast to those of phenotypes and DNA/protein sequences. 
However, information regarding such molecular systems 訂e rapidly accumulating , thus the 
demand for some theoretical framework to understand the evolution of molecular systems 紅e
also growing. 
Gene regulatory network constitutes important part of such molecular systems and control 
quantity and combinations of gene expression in a cel. GRNs. Many study addressed that 
GRNs have various characteristic structural and genetic properties such as redundancy , 
mutational robustness and evolvability. However, the evolutionary process for such 
characteristic GRNs is not c1ear, and there are stil discussions whether such characteristics are 
evolved by selection or by non-adaptive process such as biased properties of mutation and 
biophysical constraints. 
In this thesis , to identify factors that promote the evolution of GRN characters, we examined 
the impact of phenotypic selection and several intrinsic constraining factors that is inherent to 
organisms. For that purpose we constructed an individual-based evolutionary GRN model. 
Previous model for GRN evolution did not consider some of important factors such as 
phenotypic selection , gene duplication. 
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Chapter 1 : Structure and genetic properties of GRNs that evolved under fluctuating 
selection 
F1uctuation of phenotypic selection is one of the m吋ordriving forces of organismal evolution. 
For investigating the impact of fluctuating selection on GRN evolution , 1 simulated the 
evolution of GRNs under various fluctuating condition of phenotypic selection and examined 
the structure and genetic properties of GRNs after evolution. The result showed that 
fluctuating selection with unexpected optimum shift remarkably promoted the evolution of 
GRN with characteristic properties , while fluctuating selection with cyclic optimum shift did 
not. These results suggest that the mode of fluctuation of phenotypic selection have significant 
impact of GRN evolution and that various characteristics such as redundancy and mutational 
robustness and evolvability could coexist in the GRNs evolved under unpredictable fluctuating 
selection. 
Chapter 1 : Adaptive mechanism for the evolution of GRNs under fluctuating selection 
In this chapter, 1 investigate the adaptive mechanisms for the evolution of GRNs observed in 
chapter 1. There were two possible adaptive mechanism for the evolution of characteristic 
GRNs; (i) high evolvability owing to the increased number of genes were favored under 
fluctuating selection; (i) phenotypic changes caused by gene duplication directly contributed 
the phenotypic adaptation. 
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For investigating mechanisms (i) , 1 controlled the evolvability constant regardless of the 
number of genes and examined the GRN evolution and the result showed that the evolution of 
GRNs under the condition is almost unchanged than those of observed in chapter 1. The result 
indicated that characteristic GRNs could evolve without influence of evolvabiliy. 
Then , for investigating mechanisms (ii) , 1 first examined the relationship between the 
evolution of GRNs and the intensity of optimum fluctuation that actually experienced by each 
population. The result showed that the evolution of characteristic GRNs was observed when 
the intensity of optimum fluctuation was moderate. In addition , the intensity of optimum 
fluctuation under was generally weak under cyclic optimum shift in contrast to those of 
unpredictable fluctuation. Then , 1 examined the fitness e百ectof al the mutations arose during 
evolution. The result showed that the mutations were generally likely to be beneficial when the 
intensity of optimum fluctuation was moderate. In particular, gene duplication was more likely 
to be beneficial than gene deletion when the intensity of optimum fluctuation was moderate. 
And the evolution of characteristic GRNs was observed in the populations that the number of 
beneficial gene duplication was larger than those of gene deletion. These results indicated that 
the phenotypic adaptation owing to gene duplication promoted the evolution of characteristic 
GRNs 
Chapter 111 : The impact of intrinsic constraints on GRN evolution 
内《u??
In this chapter, 1 investigate how intrinsic constraining factor inherent to organisms 
promote/restrict the evolution of GRNs as wel1 as fluctuating selection. For that purpose , 
under several fluctuating selection conditions 1 examined the impact of various intrinsic 
constraints on GRN evolution such as (i) cost of gene expression, (i) functional constraints on 
expression dynamics and (ii) biased properties of mutations. 
The results showed that al these intrinsic constraints have significant impact on GRN 
evolution; however, Fluctuation of phenotypic selection were necessaηfor the evolution of 
the characteristic GRNs, thus, the intrinsic constraints play secondary role with regard to the 
evolution of GRNs characteristics. But, by considering intrinsic constraints , the simulated 
GRNs became more similar to real ones. Namely , one of the GRN character (exponential 
indegree distribution) was evolved by a mutational bias , and the degree of redundancy in 
GRNs without intrinsic constraints were too abundant. These results indicated that the intrinsic 
constraints play significant role in real organisms. 
Significance of this study 
This study demonstrated that both fluctuating selection and intrinsic constraints have 
considerable impact on GRN evolution. In particular, the evolution of characteristic GRNs 
were remarkably promoted through phenotypic adaptation by gene duplications under 
unpredictable fluctuating selection. Some of the results presented here could be experimentally 
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validatable hypotheses for the evolution of GRNs. In addition , this study emphasized the 
importance of evolutionary models considering intrinsic constraints as null models to detect 
the impact of selection in GRN evolution in real organisms. 
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論文審査結果の要旨
近年、遺伝子制御ネットワーク (GRN) は、冗長性、スケールフリー出力分布、指数入力分布、頑健
性、進化能力などの構造的・遺伝的特徴を持つことが明らかにされた。しかしこれらの特徴は相互に関
連しており、さらに様々な要因が G剛進化に同時に影響するため、それらの構造的・遺伝的特徴の進化
がどのような要因により促進されたのか明らかではない。本研究では個体ベースの GRN 進化モデルを用
いて、外部環境からの自然選択と生物に内在する制約要因(突然変異の偏り、遺伝子発現への機能的制
約とコスト)が GRN 進化に与える影響を解析した。その結果、選択方向の予測不能な変動の下では有益
な遺伝子重複の固定により複雑 GRN の進化が際立って促進され、さらに、突然変異の偏りや遺伝子発現
のコスト・機能的制約も実際の生物に類似した GRN 進化のためには重要であることが示唆された。これ
らの結果は、複雑 G聞の特徴は外部からの選択だけではなく、内在的な制約の作用によっても進化した
ことを示している。さらには分子進化の場合と同様に GRN 進化においても自然選択の影響を検出するた
めには内在的な制約要因も考慮した進化モデ、ルを帰無モデ、ルと用いることが重要であることを示してい
る。これまで、複雑な GRN が変動選択によって進化することを初めて示しただでなく、スケールフリー
出力分布、指数入力分布、頑健性、進化能力などの性質の進化的要因を明らかにしたはじめての研究で
ある。
これらの成果は、津田真樹氏が、自立して研究活動を行うに必要な高度の研究能力と学識
を有することを示している。したがって，津田真樹提出の論文は，博士(生命科学)の博士論文
として合格と認める。
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